I. INTRODUCTION
Due to the strong magnetic field the Magnetic Resonance Imaging (MRI) environment poses strict limits on the actuation methods allowed for robotic devices. Manual actuation, ultrasonic motors, pneumatic and hydraulic cylinders represent the most common choices [1] . In particular pneumatic actuation is compact, fast, clean and comparatively inexpensive. Additionally air supply is readily available in most MRI suites. Consequently this principle has been employed in several MRI-compatible devices such as [2] , [3] , [4] . However, as pneumatic valves use electric currents that can interact with the magnetic field, they must be placed far from the scanner and consequently long supply lines are required. For the same reason commercial pressure and force sensors cannot be placed in proximity of the MR scanner.
Additionally safety considerations limit the maximum pressure in the system. As a result the intrinsic nonlinearities of pneumatic actuations, due to friction and air compressibility, are accentuated and the ability to measure pressure or load acting on the piston is restricted.
High accuracy in the position control of pneumatic cylinders was achieved using fuzzy logic and neural network controllers in [5] and robust Sliding Mode Control (SMC) schemes in [6] . A TDC scheme for the position control of a pneumatic cylinder was proposed in [7] and proved superior to PD and PID controllers. Typically the system studied consisted of a metallic cylinder with pneumatic valves mounted in their proximity as this avoids delays introduced by the supply lines. Additionally the control schemes used *Resreach supported by i4i Foundation. E.Franco and M. Risitic are with the Mechanical Engineering Department, Imperial College London, SW7 2AZ, UK (e-mail: ef1311@imperial.ac.uk, m.ristic@imperial.ac.uk).
pressure measurements from sensors mounted on the cylinder. In MRI-compatible pneumatic actuations with long supply lines steady-state accuracy of 0.5 mm and 1 mm respectively was achieved with PID controllers in [8] and with SMC schemes in [9] which also employed a specially designed force sensor to measure the external load.
This work presents an MRI-compatible pneumatic actuation designed for a needle-guiding robot that will be employed for MRI-guided Laser Interstitial Thermo-ablation (LITT) of liver tumors. In an attempt to minimize alterations to the MR environment a commercially-available plastic pneumatic cylinder is employed while long supply lines are used to keep the control hardware outside the scanner room. Low actuating pressure is used to enhance safety and to reduce air consumption. The position control of the piston is accomplished with a new TDC scheme that stands out for its simplicity and that achieves higher accuracy than previously reported for similar MRI-compatible pneumatic actuations. TDC schemes have proved effective in several robot control problems [10] , [11] . The new control scheme presented here is obtained adding a saturation function to a TDC controller constructed using a simplified model of system. The controller is robust to unknown disturbances without the need for pressure or force sensors which would adversely affect the MRI-compatibility of the system. The results of simulations and of extensive experiments considering both horizontal and vertical movements and using an additional mass are presented. In conclusion the MRI-compatibility of the pneumatic actuation is verified in a 3T MRI scanner.
Section II describes the pneumatic actuation. Section III presents the controller design. Section IV reports experimental results and Section V the concluding remarks.
II. PNEUMATIC ACTUATION
The MRI-compatible pneumatic actuation has been developed for a needle-guiding robot that will carry out point-to-point positioning tasks inside a closed-bore MRI scanner without coming into direct contact with the patient. Since ferromagnetic materials are not allowed in the MRI environment the needle-guiding robot will be manufactured using plastic materials. The estimated weight of the moving parts of the device obtained from the CAD model is 2. The valve supplying the cylinder front chamber provides a constant pressure of 2 bar and the one supplying the back chamber regulates the pressure in the range 0.3 to 2.3 bar depending on the control input. This ensures motion in both directions due to the different effective piston area in each cylinder chamber (Fig. 1) . The actuator behaves like a single acting cylinder without requiring a steel spring, which would adversely affect the MRI compatibility of the system. The required size of the cylinder was calculated recursively: the initial bore size was calculated to overcome nominal static friction, external loads due to the estimated weight of the moving parts of the needle-guiding robot and inertial loads using the maximum available pressure differential. The flow rates in the chambers calculated from maximum prescribed piston velocity and initial bore size were used to compute the pressure drop across cylinder's fittings [12] and supply lines. The updated pressure differential was used to recalculate the bore size (Table I ). The optimal bore size was obtained after ten iterations. A commercially available double-acting plastic cylinder (AC-PVC-04EPEPB, IPS Inc) was chosen larger than the calculated size to allow for additional loads and disturbances (Fig. 2) . The maximum net force produced by the cylinder in the described operating conditions is 37 N. The dynamics of the piston is modeled as:
The terms are respectively the mass of the piston, the effective piston areas and the pressure in the front cylinder chamber. The terms and are the actual values of viscous friction and Coulomb friction of the cylinder. In particular only the nominal value ̂ is provided by the cylinder manufacturer while is not known. The term is the controlled pressure in the back chamber and the term is the unknown external force. Considering the light weight of the needle-guiding robot and the high friction of the cylinder | | is of the same order of magnitude as ̂. Piston position, velocity and acceleration are indicated with ̇ ̈. The dynamics of the proportional valve is modeled as:
The terms are respectively the valve's gain, damping ratio and natural frequency and the control voltage. Considering that the proportional valve has a much higher bandwidth compared to the pneumatic transmission (<10 Hz), (2) can be approximated for the controller design with:
The filling and venting dynamics of cylinder chambers and pipes are not considered for the scope of the controller design. While detailed models have been proposed for these effects in [6] they utilize pressure measurements from External load corresponds to the weight of payload (2.5 kg) and piston (0.3 kg). Inertial load refers to acceleration. A 30% safety factor is applied to the load. Friction forces, rod diameter and fitting's orifice size (1.6 mm) are provided by the cylinder manufacturer. Cylinder bore is calculated with (1) neglecting the unknown viscous friction; volumetric flow rate is the product of bore area and maximum velocity (0.25 m/s). Pressure in the cylinder chambers is calculated considering pressure drops on cylinder's fittings [12] and pipes for ̇ 
III. CONTROLLER DESIGN
Time Delay Control uses previous values of control input and of system states to estimate unbounded disturbances and unknown system dynamics [13] . The advantages of this control scheme are simple implementation and robustness. Limitations arise in presence of input delay [14] which degrades the performance. TDC has also been used in conjunction with SMC in [15] in order to compensate part of the disturbances and reduce the magnitude of the switching term in the control law. The new control scheme presented in this work has similarities with both [7] and [15] but it uses a different model of the plant that does not require pressure measurements and the saturation function introduced is used differently from the switching term in [15] .
Part A of this section summarizes the controller requirements based on the intended use of the pneumatic actuation. A TDC control law is obtained from a simplified model of the system in Part B. Then a saturation function is introduced in the control law to obtain the new control scheme in Part C. Finally a variation of the control law is presented in Part D to highlight the differences from existing schemes.
A. Controller Requirements
Since the pneumatic actuation will mainly carry out point-to-point positioning tasks the steady-state accuracy should be the highest possible, ideally comparable to the resolution of the position sensor. Additionally low overshoot (< 1 mm) and short settling time (< 1 second) are desirable. High tracking accuracy is not directly required for the needle-guiding robot. Nevertheless considering the potential use of the actuation in a robot for MRI-guided liver biopsies the piston would have to compensate liver motion induced by respiration. For this purpose 1 mm tracking accuracy, corresponding to the typical resolution of MR images, is desired. In this work this value is referred to a polynomial trajectory with 5 s period and 20 mm peak-to-peak amplitude which is representative of the average cranialcaudal liver displacement at resting respiratory rate [16] .
B. TDC Scheme 1
For the controller design a simplified version of (1) is used where instead of relying on the estimates of the viscous and Coulomb friction coefficients and their effect is included in the lumped uncertainty . This choice is in line with the formulation of TDC [13] and is motivated by the fact that these terms are additive in (1) . Consequently the simplified equilibrium equation for the piston becomes:
Assuming a bounded variation of during the sampling interval the lumped disturbance can be estimated from (4) written for the previous sampling interval:
To construct the control law the positive definite Lyapunov function is defined where the term is a combination of the piston position and velocity :
The terms and ̇ are the prescribed position and velocity of the piston while ̃ is the position error. The expression represents a linear differential equation with unique solution ̃( ) given the initial condition ̃( ) . If ̃( ) the error ̃( ) tends exponentially to zero with time constant [17] . The parameter was chosen, representing 1/3 of the frequency corresponding to the largest un-modeled delay as suggested in [17] . The delay (approximately 29 ms) was measured from the step response of the proportional valve connected to a pressure sensor (MPX4520GDP, 1 ms response time) with a 9 m long pipe.
The control law should make the derivative ̇ ̇ negative definite to ensure stability [17] . Differentiating (6) and substituting (4) for ̈ we obtain:
The control law is constructed substituting from (5) with ( ) and setting ̇ with in (7):
The positive parameter is manually tuned with a larger value resulting in a more responsive control. In order to avoid the transient required for to balance the constant pressure the following initial condition is set:
The piston velocity ̇ is calculated by discrete differentiation of the measured position followed by first order low-pass Butterworth filter. The corner frequency was set to 120 Hz considering that the unfiltered velocity shows high spectral density only at frequencies below 50 Hz. Since the acceleration at the previous sampling interval is not directly measurable in our system it is approximated as in [13] , [15] :
The error in the estimate of the uncertainty resulting from this approximation is included in | | (5) for the purpose of the verification of the controller stability presented in Part C.
C. TDC Scheme 2
In order to improve the position accuracy a saturation function is added to TDC Scheme 1 (8):
The parameter , which for this system represents a pressure, and the parameter , which represents a velocity defining the boundary layer thickness [17] , are manually tuned. Generally a large and a small result in high control action which is not desirable. An initial value of can be chosen so that (11) balances the nominal Coulomb friction ̂ in order to cancel out part of the nonlinearity in . An initial value of can be the velocity at which the Coulomb friction becomes predominant over the viscous friction, which for this system is in the mm/s range. The new control law is:
It must be noted that is not carried over within ( ) from the previous sampling interval. Consequently the saturation function (11) only adds a proportional term to (12) . The lumped disturbance ( ) is recalculated from (5) substituting the control input with (12):
The stability of the control is evaluated recalculating (7) where ( ) | | computed from (13) and the control input is replaced by expressed by (12) :
If the sampling interval is sufficiently small compared to the system's dynamics we can assume:
Since for saturation functions | ( ) ( )| | | [18] , expression (14) can be rewritten as:
For | | the saturation functions cancel out and the boundary layer is attractive with the following choice of :
Therefore for | | controller (12) behaves like TDC Scheme 1 (8) . For | | a new positive term appears in ̇ as a result of . In order to better highlight the differences from TDC Scheme 1 the term ̇ is extracted from (16) and is rewritten as:
The left hand side of (18) can be interpreted as a first order low pass filter with corner frequency [17] while the right hand side is the filter input. With the following choice of :
the system ultimately converges to the bound:
Incidentally at steady-state ( ) ( ) in which case from (15) . Consequently at steady-state the system converges to | | | | ⁄ as it would happen with TDC Scheme 1. The difference is that in the new TDC scheme (12) the saturation function contributes to the control action inside the boundary layer achieving a slower convergence. For the type of actuations considered in this work this feature has the positive effect of reducing steadystate error and settling time since it reduces oscillations around the set-point (ref. Section IV).
D. TDC Scheme 3
For comparison purposes a variation of TDC Scheme 2 (12) is presented where the saturation function is carried over within ( ) to the next sampling interval, similarly to [15] . The resulting control law is:
Consequently expression (18) changes to:
which for | | has a discontinuous structure that produces a more aggressive convergence. Simulations and experiments on our system characterized by input delay, high friction and lower bound imposed on the term by the resolution of the control input suggest that this control scheme can exhibit degraded performance in such conditions (ref. Section IV).
IV. EXPERIMENTAL RESULTS
The experimental tests performed aim to evaluate and compare the three TDC control schemes first with simulations and subsequently with experiments on the pneumatic system described in Section II. Finally the MRIcompatibility of the pneumatic actuation is verified in a 3T MRI scanner.
A. Simulation Results
The pneumatic actuation was modeled in MATLAB Simulink. The Simscape pneumatic library was used to model supply lines, cylinder, friction forces and payload. The proportional valves were modeled as ideal pressure sources due to their high flow rate and high bandwidth compared to the pneumatic transmission (ref. Section II). The step response for TDC Schemes 1 (8), 2 (12) and 3 (21) is shown in Fig. 3 . For TDC Scheme 1 the position approaches the set-point and then oscillates around it with sub-millimeter amplitude. A smaller value of ( ) reduces both frequency and amplitude of the oscillations but also results in a less responsive control. With TDC Scheme 2 the position approaches the set-point in a similar way but the error converges to zero in a shorter time and without oscillations. This is due to the function that forces a slower convergence within the boundary layer (ref. Section III). In comparison TDC Scheme 3, with the same tuning of the controller's parameters ( ), produces a faster response but exhibits oscillations around the set-point. The amplitude of the oscillations decreases with while the
responsiveness is also reduced. The simulated step response indicates that the difference between the TDC Schemes 1, 2 and 3 becomes negligible if bar.
B. Test on Pneumatic System
TDC Schemes 1 (8), 2 (12) and 3 (21) were programmed on a microcontroller (mbed NXP LPC1768) at 1.5 kHz sampling frequency. This value represents a good compromise between smaller variation of the system uncertainty during and lower noise content of the calculated acceleration (ref. Section III). As part of the control schemes upper and lower limits were imposed on the control input to constrain the actuating pressure in the range 0.3 to 2.3 bar. The system and controller parameters are listed in Table II . In order to reduce oscillations in TDC Scheme 3 bar was set while for TDC Scheme 2 bar was used. Due to the resolution of the 12-bit digital-to-analog converter providing the control input to the proportional valves no distinction between TDC Scheme 1 and Scheme 3 was observed for bar. Since the friction forces vary with position the system is expected to react differently to step commands of different amplitude. Therefore the maximum value of overshoot, settling time and steady-state error was recorder for a set of 5 step responses with increasing amplitudes (0.5 mm, 1 mm, 5 mm, 10 mm, 20 mm) in both directions of motion. Tests were performed with the cylinder positioned horizontally (Table  III) and vertically (Table IV) and using a moderate payload (2.5 kg) representative of the application. In the following results the settling time is defined as the time required for the piston to reach its steady-state position after the step command has been issued. A representation of the step response for one test conditions is depicted in Fig. 4 . The proposed TDC Scheme 2 proved superior to TDC Schemes 1 and 3 achieving lower steady-state error, smaller overshoot and shorter settling time. In particular the maximum steadystate error recorded across all tests is 0.03 mm. Since this value is close to the encoder resolution it is expected that a sensor with higher resolution would show even smaller errors. As indicated by simulations the larger steady state error and the longer settling time observed for TDC Schemes 1 and 3 are due to oscillations of the piston's position around the set-point which are more noticeable when the cylinder is horizontal due to the inferior resistive load. Values are the maximum over a set of 5 steps with amplitudes 0.5 mm, 1 mm, 5 mm, 10 mm, and 20 mm in both directions of motion. Values are the maximum over a set of 5 steps with amplitudes 0.5 mm, 1 mm, 5 mm, 10 mm, and 20 mm in both directions of motion. The tracking performance was evaluated with a periodic constant-jerk polynomial trajectory. Tracking error and root-mean-square-error (RMSE) are listed in Table V for  horizontal orientation and Table VI for vertical orientation. In both cases the piston was loaded with a 2.5 kg mass while two frequencies of the reference trajectory were considered. A representation of the tracking error for the horizontal cylinder is shown in Fig. 5 . The proposed TDC Scheme 2 achieved a lower tracking error and RMSE compared to the other two controllers. The improvement in performance is particularly noticeable for the fastest reference trajectory (0.3 Hz). For TDC Schemes 1 and 3 the tracking error is higher when the piston is retracting. This can be explained considering that the different venting and filling dynamics of the cylinder back chamber for the same pressure differential.
The control input corresponding to Fig. 5 is shown in Fig. 6 . TDC Scheme 1 shows a comparatively less intense control action but also results in higher tracking error. TDC Scheme 2 shows a high-frequency control action due to the saturation function (11) . However since the system acts as a low-pass filter the amplitude of the corresponding oscillations in the tracking error is considerably reduced. TDC Scheme 3 shows lower frequency control action but with larger variations. This is due to the additive contributions of the saturation function from previous sampling intervals in (21). Differently from TDC Scheme 2 the corresponding oscillations in the tracking error are amplified.
In conclusion the proposed TDC Scheme 2 meets the design requirements defined in Section III regarding both steady-state and tracking accuracy.
C. MRI-Compatibility
Finally the MRI compatibility of the pneumatic actuation was tested in a 3T MRI scanner (Siemens Verio). All valves and electronic components were kept outside the scanner room while a shielded cable was used to connect to the encoder mounted on the cylinder. The pneumatic cylinder was placed at the scanner isocenter above a cylindrical Values refer to vertical cylinder with 2.5 kg payload. The reference trajectory has 20 mm peak-to-peak amplitude at both frequencies. , FOV = 400 x 400, Slice Thickness = 5 mm) were used. In total four sets of images were acquired with both sequences considering first the cylinder and the encoder disconnected from controller and valves (Power off), then the encoder powered on and the cylinder connected to the valves but not moving (Power on), and finally with the piston executing a periodic trajectory (Movement). The reference condition refers to the phantom alone inside the MR scanner. The actuator did not produce visible artifacts on any of the MR images. The effect of the actuator on the MR images was quantified calculating the signal-to-noise ratio (SNR) [19] .The variation in SNR compared to the phantom alone remained below 2 % for all test conditions (Table VII) which is considered minimal. Additionally no noise in the measured position was detected as a result of the MR environment confirming the complete MRI-compatibility.
V. CONCLUSIONS AND FUTURE WORK
In this paper the design and control of a MRI-compatible pneumatic actuation with long supply lines and low actuating pressure is presented. The system has been designed to actuate a needle-guiding robot that will carry out point-to-point positioning tasks inside an MRI scanner. The MRI-compatibility of the pneumatic actuation was proved with experiments. A new TDC scheme was designed for the position control of the piston. The controller stands out for its simplicity and is particularly beneficial when the system parameters are not known accurately and when disturbances are not measurable. Simulation and experiments highlight the differences and show the advantages of the new control scheme over existing TDC designs. As a result, higher accuracy than previously reported for similar MRIcompatible pneumatic systems was achieved. In particular the steady-state accuracy is comparable with the resolution of the position sensor. Future work will include the integration of the proposed pneumatic actuation in a multi-DOF needle-guiding robot for MRI-guided intervention of liver tumors. Variations in SNR induced by the pneumatic actuation in 3T MRI scanner compared to the reference condition (Phantom).
